UCP3 (uncoupling protein 3) and its homologues UCP2 and UCP1 are regulators of mitochondrial function. UCP2 is known to have a short half-life of approx. 1 h, owing to its rapid degradation by the cytosolic 26S proteasome, whereas UCP1 is turned over much more slowly by mitochondrial autophagy. In the present study we investigate whether UCP3 also has a short halflife, and whether the proteasome is involved in UCP3 degradation. UCP3 half-life was examined in the mouse C2C12 myoblast cell line by inhibiting protein synthesis with cycloheximide and monitoring UCP3 protein levels by immunoblot analysis. We show that UCP3 has a short half-life of 0.5-4 h. Rapid degradation was prevented by a cocktail of proteasome inhibitors, supporting a proteasomal mechanism for turnover. In addition, this phenotype is recapitulated in vitro: UCP3 was degraded in mitochondria isolated from rat skeletal muscle or brown adipose tissue with a half-life of 0.5-4 h, but only in the presence of a purified 26S proteasomal fraction. This in vitro proteolysis was also sensitive to proteasome inhibition. This phenotype is in direct contrast with the related proteins UCP1 and the adenine nucleotide translocase, which have long half-lives. Therefore UCP3 is turned over rapidly in multiple cell types in a proteasome-dependent manner.
INTRODUCTION
The UCPs (uncoupling proteins) are a subset of the mitochondrial solute carrier family: transporters of metabolites, protons and nucleotides across the mitochondrial inner membrane. UCP2 and UCP3 are homologues of the archetypal uncoupling protein UCP1, which acts as a protonophore to uncouple electron transport from ATP synthesis and generate heat in brown adipose tissue mitochondria [1, 2] . UCP2 [3] and UCP3 [4] are expressed in multiple tissues at considerably lower levels than UCP1, and their roles in metabolic regulation are less clear [5] .
UCP3 mRNA expression has been reported in many tissues [6, 7] , although it is most prevalent in skeletal muscle and brown adipose tissue. UCP3 mRNA expression is up-regulated by the thyroid hormone T3 [8] [9] [10] , cold exposure [11, 12] , fasting [3, 6, [13] [14] [15] , non-esterified fatty acids [16, 17] and hypoxia [18] . UCP3 protein has been detected in skeletal muscle at concentrations several hundred-fold less than UCP1 in brown adipose tissue [4] , and is also found in thymus [19, 20] , brown adipose tissue [7] and pancreatic islet cells [21] .
The biochemical functions and physiological roles of UCP3 remain cryptic, although several models have been proposed [5, 22] . By causing mild uncoupling, UCP3 attenuates the production of ROS (reactive oxygen species) and of oxidative damage, especially during fatty acid oxidation [23] [24] [25] . Other suggested roles include export from mitochondria of fatty acids [26, 27] or lipid hydroperoxides [28, 29] , although fatty acid oxidation and export were recently shown to be independent of UCP3 [30] .
UCP3 is closely related to UCP2, with which it shares 73 % amino acid identity in humans [6] . For a mitochondrial inner membrane protein, UCP2 has a remarkably short half-life of ∼ 1 h in cells [31] [32] [33] . The cytosolic proteasome appears to be responsible for UCP2 turnover in an INS-1E pancreatic β-cell line. There are two lines of evidence for this. First, degradation is prevented by a variety of proteasome inhibitors. Secondly, degradation with similar kinetics, sensitive to the proteasome inhibitors, can be reconstituted in isolated INS-1E mitochondria by adding back fractions containing the 26S cytosolic proteasome and ubiquitination machinery [34] .
UCP3 is also related to UCP1, with which it shares 57 % amino acid identity in humans [6] . However, UCP1 has a much longer half-life, of ∼ 1-4 days [31, 35, 36] . Unlike UCP2, UCP1 is thought to be degraded by autophagy [36] , since its turnover increases co-ordinately with the turnover of other mitochondrial proteins in brown adipose tissue from noradrenaline (norepinephrine)-treated mice.
Nothing is known about the deactivation or turnover of UCP3. In the present study, we test whether UCP3 turnover is similar in kinetics and mechanism to turnover of UCP2 or, alternatively, to turnover of UCP1. We provide evidence that UCP3 is rapidly turned over with an apparent half-life of 0.5-4 h, similar to UCP2. This turnover is sensitive to proteasomal inhibition and, in a cellfree system, is dependent on the presence of purified 26S cytosolic proteasome fractions. These results are consistent with UCP3 degradation mediated by the proteasome and suggest similarities between UCP2 and UCP3 that are not shared by UCP1 or other family members.
EXPERIMENTAL

C2C12 cell culture and UCP3 turnover in C2C12 cells
C2C12 cells (passage < 10) were grown and maintained in DMEM (Dulbecco's modified Eagle's medium; Gibco) supplemented with 100 i.u./ml penicillin, 100 μg/ml streptomycin (Gibco) and 10 % (v/v) FCS (foetal calf serum), and passaged every 3 days. For determination of the UCP3 half-life, cells were Abbreviations used: ANT, adenine nucleotide translocase; DMEM, Dulbecco's modified Eagle's medium; FCS, foetal calf serum; KO, knockout; PIC, proteasome inhibitor cocktail; UCP, uncoupling protein; WT, wild-type. 1 These authors contributed equally to the present study. 2 To whom correspondence should be addressed (email mbrand@buckinstitute.org).
seeded at 1.5 × 10 4 cells/well in six-well plates and differentiated for 4 days using DMEM containing 1 % FCS. At time zero, protein synthesis was inhibited with cycloheximide, then cells were harvested at different times by trypsinization and pelleting (800 g for 3 min). Pellets were resuspended in Laemmli gelloading buffer [10 % (w/v) SDS, 250 mM Tris/HCl (pH 6.8), 5 mM EDTA, 50 % (v/v) glycerol, 5 % (v/v) 2-mercaptoethanol and 0.05 % Bromophenol Blue], boiled for 10 min and vortexmixed vigorously. Where indicated, cells were treated with a PIC (proteasome inhibitor cocktail; Calbiochem, catalogue number 539 160) for 2 h prior to the addition of cycloheximide at time zero.
Mitochondrial isolation from skeletal muscle and brown adipose tissue
Female Wistar rats (Harlan Laboratories) were housed at 22 + − 2
• C, 45 + − 15 % humidity, 12/12 h light/dark cycle, with standard chow and water ad libitum, and tissue was collected at 4-6 weeks of age following killing by CO 2 and cervical dislocation. All animal experiments were carried out following standards and guidelines of the American Veterinary Medical Association (AUMA) and the Association for the Assessment and Accreditation of Laboratory Animal Care (AALAC) and approved by the Buck Institute Institutional Animal Care and Use Committee (IACUC) (protocol number 10080). Skeletal muscle mitochondria were isolated as previously described [37] . Briefly, skeletal muscle from the hind limbs and dorsal region of one animal was placed into CP1 medium [100 mM KCl, 5 mM Tris/HCl (pH 7.4 at 4
• C) and 2 mM EGTA]. All steps were performed on ice or at 4
• C. Skeletal muscle was finely minced on a pre-cooled surface, rinsed five times in CP1 medium, suspended in CP2 medium [CP1 medium with 0.5 % defatted BSA, 5 mM MgCl 2 , 1 mM ATP and protease type VIII (catalogue number P5380) at 245.7 units/100 ml] at approx. 40 ml of CP2 medium per 5 g of muscle, then subjected to slow polytron disaggregation in three 3 s pulses and incubated with stirring for 6 min. Homogenized tissue was centrifuged at 500 g for 10 min, the supernatant was filtered through gauze, and the mitochondria were pelleted at 10 400 g for 10 min. After gentle resuspension in CP1 medium and centrifugation at 10 400 g (10 min), the pellet was again resuspended in CP1 medium and centrifuged at 3800 g (10 min). The final pellet was resuspended in a small volume of CP1 medium.
Brown adipose tissue mitochondria were isolated as previously described [38] . Briefly, brown adipose tissue from one animal was collected into buffer A (250 mM sucrose, 10 mM Tes, 1 mM EDTA and 1 % defatted BSA) on ice and tissue was chopped and then disaggregated using a Dounce homogenizer. The homogenate was transferred to a centrifuge tube through two layers of gauze and centrifuged at 8500 g for 10 min. The pellet was gently resuspended in buffer B (250 mM sucrose, 20 mM Tes, 1 mM EGTA and 0.4 % BSA) and centrifuged at 700 g for 10 min. The supernatant was subsequently centrifuged at 8500 g for 10 min, and the final pellet was resuspended in buffer B. Protein concentrations were determined using the biuret assay.
Reconstitution of UCP3 degradation in vitro
Isolated mitochondria were incubated with highly purified 26S proteasome (Enzo Life Sciences, catalogue number PW9310) and ubiquitin fractions (Boston Biochem, catalogue number K-960, or Calbiochem, catalogue number 662096), as well as succinate and an ATP-regenerating system as previously described [34] . Experiments were carried out in STE buffer [250 mM sucrose, 5 mM Tris/HCl (pH 7.4 at 4
• C) and 2 mM EGTA] at 37 • C. Where indicated, samples were pre-incubated with the PIC for 30 min.
Immunoblot analysis
Samples were diluted in Laemmli buffer, boiled for 10 min and vigorously vortex-mixed. Proteins were separated by SDS/PAGE (12.5 % gel) [39] and transferred on to a 0.1 μM Protran nitrocellulose membrane (Whatman) using the semi-dry method (20 V 
The secondary antibodies were peroxidase-conjugated, either 0.08 μg/ml goat anti-rabbit IgG (Pierce, catalogue number 31463) or 0.04 μg/ml rabbit anti-goat IgG (Pierce, catalogue number 31433). Where required, membranes were stripped using Restore PLUS Western blot stripping buffer (Pierce, catalogue number 46430), and reblotted according to the manufacturer's protocol. Immunoblots were developed using a Lumigen ECL (enhanced chemiluminescence) Plus Western Blotting Detection system (Amersham Biosciences). Signals were quantified by analysing band intensities using ImageJ software (http://rsb.info.nih.gov/ij/); all data lay in the region where the signal was linearly related to protein loaded. All data were normalized to loading controls: β-actin (cells) or ANT (mitochondria).
Data analysis
Unless otherwise stated, values are means + − S.E.M. for n independent cell cultures, animal tissue collections, mitochondrial isolations, experimental assays and immunoblots. Where appropriate, data were fitted with non-linear regression curves using Prism 5 software. Statistical analysis of the different treatments was performed by repeated-measures ANOVA of all matching non-zero time points with Dunnett's post-hoc testing. P values therefore apply to the treatment course at all times except zero. Values of P < 0.05 were considered significant.
RESULTS
UCP3 degradation in C2C12 myoblasts is rapid and proteasome-dependent
UCP2 has a short half-life in cells [31, 32] , and we have reported the role of the cytosolic ubiquitin-proteasome system in its degradation [34] . To test whether UCP3 is similarly degraded, we treated differentiated UCP3-containing C2C12 myoblasts with cycloheximide to inhibit protein synthesis ( Figure 1A) . Specificity of the UCP3 antibody was verified by immunoblotting skeletal muscle mitochondria from WT (wild-type) and KO (knockout; Ucp3-ablated) mice [23] . Figure 1(A) shows that UCP3 content decreased with time after cycloheximide addition. Figure 1(B) quantifies the rapid kinetics of UCP3 degradation from four replicate experiments, and shows that UCP3 had a half-life of 0.5-4 h (depending on the end-point used in the calculation), similar to UCP2 (∼ 1 h, [31,32] ), but considerably slower than [31, 35, 36] ). Similar to our findings for UCP2 [34] , UCP3 turnover was blocked by pharmacological inhibition of the proteasome using a PIC (Figure 1B) , suggesting a role for the 26S proteasome in UCP3 degradation.
UCP1 (∼ 1-4 days
UCP3 in isolated skeletal muscle mitochondria degrades in vitro
To test whether the UCP3 degradation seen in cell culture could be observed in vitro, and whether it was dependent on proteasome activity, we used a recently developed assay in which commercial ubiquitin and proteasome fractions, succinate (for mitochondrial energization) and an ATP-regeneration system are added to isolated mitochondria [34] . In the absence of 26S proteasome, UCP3 was stable in isolated skeletal muscle mitochondria (Figure 2, control) . However, when the 26S fraction was added, UCP3 degradation was reconstituted (Figure 2, 26S) . Figure 2 (B) quantifies the rapid kinetics of UCP3 degradation from three to five replicate experiments, and shows that UCP3 had a half-life of 0.5-4 h (depending on the end-point used in the calculation), similar to the half-life of UCP3 in C2C12 cells (Figure 1 ). Pre-incubation of the cell-free system with the PIC also blocked UCP3 proteolysis (Figure 2, 26S+PIC) . In contrast, another mitochondrial inner membrane solute carrier, ANT, was not similarly degraded in this cell-free system (Figure 2A ), suggesting that this proteolytic phenomenon is not a general feature of mitochondrial inner membrane proteins.
UCP3 degradation occurs in multiple tissue types
We also tested whether rapid UCP3 degradation could be reconstituted in vitro with mitochondria isolated from brown adipose tissue. As with skeletal muscle (Figure 2 ), UCP3 was rapidly degraded by added 26S proteasome fractions in brown adipose tissue mitochondria, with a half-life of 0.5-4 h, and this degradation was inhibited by the PIC (Figure 3 ). Since brown adipose tissue mitochondria also contain UCP1 and ANT, we were able to directly compare UCP3 half-life to that of UCP1 or ANT. Consistent with previous studies [31, 35, 36] , UCP1 degradation was not apparent during the 4 h time course, unlike UCP3 (Figure 3 ) or UCP2 [34] . Similarly, ANT was not degraded in the reconstituted system.
DISCUSSION
The results of the present study show that UCP3 has a very short half-life of 0.5-4 h in both C2C12 cells and mitochondria from skeletal muscle or brown adipose tissue incubated with the 26S cytosolic proteasome. This degradation is proteasome-dependent, since it is inhibited by a PIC in C2C12 cells, and the proteasome is required in the reconstituted system in vitro.
The only other mitochondrial inner membrane protein known to display similarly rapid proteasome-dependent turnover is the closely related UCP2 [34] . The proteolytic mechanism is remarkable because it involves the degradation of these mitochondrial inner membrane proteins by cytosolic machinery and because it differs from the proteolysis of UCP1. The latter is degraded via autophagy [36] and has a half-life that is one to two orders of magnitude larger than those of UCP2 and UCP3.
The half-life of UCP1 is consistent with the reported half-lives of other mitochondrial inner membrane proteins, which typically fall within a range of 20-100+ h [40, 41] . In contrast, the halflives of both UCP2 and UCP3 stand out as exceptionally short, and we therefore suggestive of a separate degradation mechanism. The requirement of the proteasome for UCP3 degradation in vitro supports this model.
The rapid degradation of UCP2 and UCP3 led us to search for possible motifs associated with ubiquitination and proteasomal degradation. Such motifs include the D-box, KEN box and PEST motifs. Analysis (http://bioinfo2.weizmann.ac.il/ ∼ danag/d-box/form.html) of 86 UCP sequences in 45 species [42] revealed a D-box-like motif (RGVLGTILTM; motif in bold) present in 100 % of UCP3 and ∼ 70 % of UCP2 sequences from higher vertebrates, but was absent from UCP1 and ANT. Whether it is involved in degradation of UCP2 and UCP3 remains to be determined.
In summary, in the present paper we report the rapid turnover of the uncoupling protein UCP3, and provide strong support for its degradation by the cytosolic 26S proteasome in both cellular and reconstituted cell-free systems. We hypothesize that rapid UCP3 turnover may be a means of dynamically regulating UCP3 levels in various physiological contexts, including adaptation to fasting and protection from oxidative damage.
AUTHOR CONTRIBUTION
Vian Azzu, Shona Mookerjee and Martin Brand designed the study and wrote the manuscript. Vian Azzu and Shona Mookerjee collected the data and analysed the results.
